Steep-wavefront impulse overvoltages may be generated, including fast-front overvoltage (FFO) with wavefront time of 0.1∼20 µs, during the operations of disconnector switch in gas insulated equipment (GIE), threatening its insulation. To study the breakdown characteristics of SF 6 alternative C 4 F 7 N/CO 2 mixtures under FFO, the influence of FFO wavefront time, pressures and polarities on the breakdown characteristics of C 4 F 7 N/CO 2 in slightly non-uniform and extremely non-uniform electric field were investigated. The results show that the effects of FFO wavefront time, polarities and pressures on the insulation properties of C 4 F 7 N/CO 2 and SF 6 are similar. In the slightly non-uniform electric field, the insulation performance of 9%C 4 F 7 N/91% CO 2 reaches 78% SF 6 under the same conditions. The 50% breakdown voltage of gas under impulse voltage (U 50% ) of the C 4 F 7 N/CO 2 decreases first then rise with the FFO wavefront time showing a U-curve. It is also found that the voltage polarity has little effect on the trend of the 50% breakdown voltage curve with wavefront time of impulse voltage (U 50% -T f ) and the 50% breakdown voltage curve with gas pressure (U 50% -P) in the slightly non-uniform electric field. In the extremely non-uniform electric field, the U 50% of the C 4 F 7 N/CO 2 tends to decrease first and then stabilize with the increase of wavefront time. With the increase of pressure, the U 50% of C 4 F 7 N/CO 2 increases linearly in the slightly non-uniform electric field. Under the positive FFO, in the extremely non-uniform electric field, the U 50% of the C 4 F 7 N/CO 2 changes with the rise in pressure showed a tendency to increases first, then decreases and rises again, resembling the N letter. Under the negative FFO, the U 50% of C 4 F 7 N/CO 2 rises with the increase of pressure and tends to be saturated.
I. INTRODUCTION
The environmentally friendly insulating gas C 4 F 7 N has the characteristics of high dielectric strength (at least 2.5 times SF 6 insulation performance), non-flammable, non-corrosive and low global warming potential (GWP near 2400) [1] , [5] . The liquefaction temperature is lower than C 5 F 10 O and C 6 F 12 O, which has become a popular alternative to SF 6 . However, the liquefaction temperature of C 4 F 7 N pure gas is still higher than SF 6 , and it reaches −4.7 • C when the absolute pressure is 0.1 MPa. Therefore, the mixed gas has The associate editor coordinating the review of this manuscript and approving it for publication was Jenny Mahoney. been studied. The Kieffel's study found that C 4 F 7 N/CO 2 was less toxic than SF 6 after current interruption tests. It was found from switch performance tests that the average arc discharge time of C 4 F 7 N/CO 2 was 12 ms like that of pure SF 6 [2] . Owens studied the power frequency insulation performance of C 4 F 7 N mixed with CO 2 , N 2 and air respectively. It was found that the synergistic effect of C 4 F 7 N/CO 2 was stronger, and the power frequency insulation performance was better under the same mixing ratio [3] . The mixed C 4 F 7 N and CO 2 has been the main research object. Kieffel, Nechmi and other scholars found that the power frequency insulation performance of a lower ratio of C 4 F 7 N/CO 2 mixed gas can reach insulation strength of SF 6 , and the effective ionization VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ coefficient of C 4 F 7 N/CO 2 was also obtained [4] - [6] . Hopf et al. and Tu et al. studied the breakdown voltage and partial discharge inception voltage of C 4 F 7 N/CO 2 under DC voltage, which was close to the insulation strength of SF 6 and found that the polarity effect was related to decomposition of C 4 F 7 N [7] , [8] . X. Li et al. calculated the saturated vapor pressure of C 4 F 7 N/CO 2 at different temperatures, and obtained the insulation strength at different liquefaction temperatures [9] . At present, the research on the insulation performance of C 4 F 7 N/CO 2 under AC, DC and lightning impulse voltage is intense. Their potential for replacing SF 6 is huge. At present, the gas extinguishing performance of the C 4 F 7 N gas mixture is weaker than that of SF 6 . The C 4 F 7 N gas mixture will be mainly applied to gas insulation line (GIL). The price of C 4 F 7 N/CO 2 mixture after mass production adopted will be close to SF 6 .
The disconnector switch in a gas insulation equipment (GIE) may generate different steep-wavefront impulse voltages that threaten its the safety of devices [10] . These overvoltages include fast-front overvoltage (FFO) with wavefront time of 0.1 to 20 µs and very fast transient overvoltage (VFTO) with wavefront time of less than 0.1 µs [11] . The insulating properties of SF 6 gas under different waveform impulse voltages have been studied. Okabe et al. found that in the extremely non-uniform electric field, when the wavefront time was 0.2∼1.2 µs, the discharge voltage of SF 6 gradually decreased with the increase of the impulse voltage wavefront time [12] . Q. Zhang et al. studied the SF 6 50% breakdown voltages of the impulse voltage wavefront time of 0.08∼1.20 µs. It was found that in the slightly non-uniform electric field, the U 50% -T f showed a U-curve with the increase of the wavefront time [13] . The effect of wavefront time on the insulation properties of C 4 F 7 N/CO 2 was never reported. In this paper, five kinds of different biexponential impulse voltages with wavefront time of 0.22, 0.35, 0.55, 0.85 and 1.22 µs are generated using an impulse voltage generator. The wave tail time of the impulse voltages is set to 50 µs. The effects of wavefront time, voltage polarities and pressures on the insulation properties of C 4 F 7 N/CO 2 in slightly non-uniform electric field and extremely non-uniform electric field are studied, and compared with SF 6 .
II. TEST PLATFORM AND METHOD
The impulse test platform is shown in Figure 1 , where the maximum output voltage of the impulse voltage generator was 600 kV, and the ball gap and voltage were controlled by the impact generator console. The wavefront time can be changed by adjusting the wavefront resistors. The biexponential wavefront time used in the test is shown in Figure 2 . According to IEC 60060-1, the wavefront time T f can be calculated by the equation (1) . T is the time between the amplitude of the impulse voltage waveform of 0.3∼0.9 (standard value) [14] . The wavefront times of different FFO were 0.22, 0.35, 0.55, 0.85, and 1.22 µs, respectively. The wavetail times were the same 50 µs, that is, the wavetail resistance was a constant. The amplitude of the impulse voltage can be measured by a capacitor divider. The voltage ratio of the capacitor divider was 1870:1. The uncertainty of the impulse voltage measurement was within 1%. The output voltage of the capacitor divider was transmitted to a oscilloscope via a double-shielded coaxial cable. The oscilloscope used was the Lecroy WaveRunner-640Zi with a bandwidth of 4 GHz, sampling rate of 30 GS/s and an analysis depth of 128 Mpts.
In the breakdown test, a sphere-plane electrode and a needle-plane electrode were used to study the 50% breakdown voltages of the gas gap in slightly non-uniform electric field and extremely non-uniform electric field. Regardless of the influence of the electrode distance, the electrode gap distance d was a constant of 15 mm. The radius of curvature of the needle electrode was 0.5 mm and the radius of the sphere electrode was 12 mm, as shown in Figure 3 . Tungsten-copper alloy was chosen in the breakdown test to avoid the damage of electrodes caused by repeated tests and it would not affect the experimental results. According to the theory of''Electrical breakdown of gases''by Meek, the effect of cathode material on breakdown voltage is negligible under higher gas pressure.
The calculation of electric field non-uniformity f is shown in equation (2), where E max is the maximum electric field strength in the field. The maximum electric field strength was calculated by COMSOL electrostatic field simulation. The example of the simulation calculation by COMSOL was showed in Figure 4 . The finite element meshing near the electrode was set as extremely detailed in COMSOL. The electric field non-uniformities f under different electrode forms can be obtained as shown in Table 1 . Before the impulse breakdown tests, vacuum was set up for about 20 minutes, then the test chamber was filled with the test gas, and then vacuumed again. This was repeated three times to avoid interference from other gases in the test chamber. According to Dalton's law of partial pressures, the mixing ratio is equal to the ratio of partial pressure. First, we fill the C 4 F 7 N with the partial pressure of 9%, and then fill CO 2 to the highest pressure of the test.
After applying the partial pressure method to match gas, in order to ensure the accuracy of the gas mixing ratio in the test, a C 4 F 7 N component analyser was used. The analyser shown in the Figure 5 was calibrated in the China Metrology Institute for secondary analysis to ensure the mixing ratio accuracy. According to IEC 60060-1, the 50% breakdown voltage was obtained by the up and down method [14] . A typical example of up and down method is shown in Figure 6 . There were at least 20 valid data for each set of tests, and the average was taken as the breakdown voltage. The interval between each test was about 3 minutes. A 3-minute interval was chosen for the small standard deviation of breakdown voltage and efficiency considerations. 
III. RESULTS AND DISCUSSIONS
The sphere-plane gap with a 15 mm distance forms a slightly non-uniform electric field, and the electric field non-uniformity f = 2.0. When the insulation in GIE is clean, the electric field non-uniformity between the high voltage electrode and the ground is generally 1.7∼2.5 [15] . The 50% breakdown voltages of 9%C 4 F 7 N/91%CO 2 and SF 6 with pressure under different wavefront time FFO are shown in Figure 7 , where data points were experimental data and curves were fitted values. It can be seen from Figure 7 that when the wavefront time of FFO is in the range of 0.22∼1.22 µs, the 50% breakdown voltage increases linearly with the increase of pressure. When the pressure is 0.1 MPa, the 9%C 4 F 7 N/91%CO 2 50% breakdown voltage is 81∼90% of SF 6 . However, the U 50% -P curve slope of 9%C 4 F 7 N/91%CO 2 was smaller than SF 6 and its 50% breakdown voltage rise rate was slower than SF 6 . At higher pressure, U 50% of 9%C 4 F 7 N/91%CO 2 was 78∼80% of SF 6 .
At higher pressure, the polarity effect was more obvious. When the pressure was low, the 50% breakdown voltage difference between the positive and negative polarities is small, and the breakdown voltage is different after the pressure was increased. At the same pressure and wavefront time, the positive 50% breakdown voltages of the 9%C 4 F 7 N/91%CO 2 mixed gas and SF 6 were higher than that in the negative polarity FFO. It may be explained using the theory of space charge versus electric field in the sphere-plane gap under different polarities. When the ball electrode is positive, the electron enters the ball electrode, making it more difficult to form the corona layer. In the slightly non-uniform electric field, the breakdown condition is reached when corona occurs. That is, the breakdown voltage is higher than the negative polarity at the positive polarity.
The equation used for fitting is shown in equation (3), where the parameters in the equation have physical meanings.
Equation (3) is used with considerations of the distance of electrodes for millimeter level and pressure for 0.1∼0.7 MPa. For example, U 50% is the 50% breakdown voltage of the gas gap in kV and a is the constant associated with the amplitude, representing a 50% breakdown voltage in a uniform electric field of 1 cm at 0.1 MPa. The P is the absolute pressure of the gas with the unit of MPa and d is the electrode gap distance in mm.
Similar to Paschen law equation (4), they both reflect that the 50% breakdown voltage of the gas gap under different wavefront time impulse voltage is a function of Pd, where n is a constant. The closer is n to 1, the higher the linearity. As can be seen from Table 2 , the n of the same gas changes little with the wavefront time. f is the electric field nonuniformity, and m is a constant reflecting the influence of the electric field non-uniformity on the 50% breakdown voltage. Therefore, the 50% breakdown voltage under different wavefront time FFO has different sensitivity to electric field non-uniformity, i.e the absolute value of m. The greater is the breakdown voltage, the more sensitive it is to the change in f , and m value of the same gas does not substantially change with the wavefront time. Similarly, the empirical parameters under negative polarity were obtained and are not listed here. The following is a comparison between the fitting equation and the equation derived from the streamer discharge theory. According to the streamer discharge theory, the law of electron increases in SF 6 gas is shown in equation (5) [16] , [17] . The uniform and slightly non-uniform electric field SF 6 breakdown voltage equations (9) and (10) can be derived under the self-sustained discharge conditions. Equation (3) can be compared to equation (10) . In equation (5), a is the electron ionization coefficient, and η is the electron attachment coefficient.ᾱ is the electron effective ionization coefficient, which is the difference between the ionization coefficient and the attachment coefficient. The relationship between the effective ionization coefficient of SF 6 and the electric field strength E is described in equation (6) [16] , [17] , and the discharge can be developed only when the E/P is larger than the critical (E/P) crit. When the electron collapse occurs from the cathode to the anode, and the number of electron collapse electrons reaches the critical value n crit , the electron collapses into the self-sustaining discharge, and the self-sustaining discharge condition can be derived by equation (7) . The self-sustained discharge condition equation (7) is brought into equation (6), and the calculation equation U of the breakdown voltage in the uniform electric field is derived as shown by the equation (8).
According to [17] for SF 6 , the k = 10.5, C = 27 kV −1 , and (E/P) crit = 89 kV/(mm * MPa). Substituting these parameters into equation (8), the equation (9) of breakdown voltage in uniform electric field can be obtained. The breakdown voltage in a slightly non-uniform electric field is the influence factor of the electric field non-uniformity on the breakdown voltage multiplied by the breakdown voltage in the uniform electric field. The f m is the influence factor of the electric field non-uniformity on the breakdown voltage.
When the pressure is low, for example P = 0.1 MPa, the breakdown voltage of SF 6 is calculated as 104.7 kV from the self-sustained criterion of streamer discharge equation (10), or 107.1 kV by fitting equation (3). The breakdown voltage obtained by the breakdown tests was 102.1 kV, and the equation (10) was closer to the actual value. However, after the pressure rises, the equation (3) was closer to the actual value, and the flow-discharge self-sustaining criterion showed a bigger uncertainty in predicting the breakdown voltage at high pressures. When calculating the breakdown voltage, the number of electrons n crit selected for different gases is difficult to determine, which resulted in a large deviation in the calculation.
In the slightly non-uniform electric field, the 50% breakdown voltage curves of 9%C 4 F 7 N/91%CO 2 and SF 6 with the wavefront time were shown in Figure 8 . When the FFO wavefront time range was 0.22∼1.22 µs, the 50% breakdown voltage of 9%C 4 F 7 N/91%CO 2 decreases first and then rises with the increase of wavefront time, showing the U-curve characteristics. The shape of the trend resembles the U letter. The U 50% -T f of SF 6 is shown in Figure 8(b) , which is like the trend of SF 6 reported in [13] , showing a U-curve.
On the positive and negative FFO, the 50% breakdown voltage of C 4 F 7 N/CO 2 mixed gas and SF 6 gas has the same trend with the wavefront time, and the polarity of the FFO has little effect on the U-curve characteristics of U 50% -T f . As the gas pressure increased, the peak-to-valley difference of the voltage in the U-curve gradually increased, and the 50% Figure 8 (a) and (b), the U 50% peak-to-valley difference of C 4 F 7 N/CO 2 is larger than SF 6 with the wavefront time at high pressures, which is more sensitive to the change of wavefront time than SF 6 .
On the left side of U 50% -T f curve, U 50% decreases with the increase of the wavefront time, the reason may be explained below. It is known that a certain delay required for the gap breakdown, that is, the integral of the voltage and its action time is basically unchanged. The increase of FFO wavefront time means that the rise rate of FFO and the energy required to inject the gas gap is reduced per unit time, that is, the breakdown voltage is gradually decreased [18] .
On the right side of U 50% -T f curve, U 50% increases with the increase of the wavefront time, the reason may explain below. When the FFO wavefront time increases to a critical value, the space charge can cover the vicinity of the sphere electrode, so that the equivalent radius of the sphere electrode increases, and the electric field is more uniform. When the wavefront time increases, the demand for energy per unit time decreases.
But the generation and diffusion of space charge are proportional to the wavefront time. Under the impact voltages of the longer wavefront time, the space charge can be diffused and distributed in a larger range. Therefore, the influence of the uniform electric field is increased, and the breakdown voltage is increased.
It can be seen from the test results in a slightly nonuniform electric field that when the gas insulation condition is clean and good, the electric field non-uniformity is 1.7 < f < 2.4 [15] . As the wavefront time in the range of 0.5∼0.7 µs, the lowest value of 9%C 4 F 7 N/91%CO 2 50% breakdown voltage may occur. The lowest value of the 50% breakdown voltage of SF 6 gas corresponds to the FFO wavefront time which is like that of C 4 F 7 N/CO 2 mixed gas of 0.4∼0.6 µs. In this wavefront time range, we may find the lower insulation than LI or AC experiments in clean GIE. So, in the withstand voltage test we can select this steep wave form to provide a more reliable withstand voltage value in order to improve reliability.
The needle-plane gap with an electrode distance of 15 mm is an extremely non-uniform electric field with the electric field non-uniformity f = 15.9. The curves of 50% breakdown voltage of C 4 F 7 N/CO 2 and SF 6 with pressure under different wavefront time impulse voltage were shown in Figure 9 . The data points in the figure are experimental data, and the U 50% -P curve is formed by connecting the data points with B-Spline.
The curves of the 50% breakdown voltage of C 4 F 7 N/CO 2 and SF 6 gas with pressure under the impact voltages of different positive wavefront time are shown in Figure 9 (a). The 50% breakdown voltage of SF 6 increases first and then decreases before it rises again with the increase of gas pressure, showing an obvious N-curve. The shape of the trend resembles the N letter. The peak-to-valley difference is used to measure the degree of the N-curve, which means the larger the peak-to-valley difference is, the more obvious the N-curve feature is. When the wavefront time is 0.35∼1.22 µs, the 50% breakdown voltage of C 4 F 7 N/CO 2 changes little with the pressure, and the U 50% -P curve shows a weak N-curve. However, when the impulse voltage wavefront time is gradually reduced, the N-curve is more significant. When the wavefront time is 0.22 µs, the N-curve characteristic of the C 4 F 7 N/CO 2 becomes more obvious. The generation of the N-curve may be due to the influence of the corona layer change under different pressures [19] . Also, the pressure change affects the mean free path of the molecule. The shortening of the wavefront time leads to a reduction in the corona formation range and thickness before breakdown, which makes the electric field more non-uniform and produces an N-curve with a larger peak-to-valley difference.
When the pressure is low, the molecular concentration in the gas increases with the gas pressure, and the average free path of the electron under the electric field is shortened. Although the number of electron collisions increases, the accelerated stroke decreases and the accumulated kinetic energy decreases. Thus, the probability of ionization is reduced, so the 50% breakdown voltage will increase with the increase of pressure, and the electric field distribution is improved because the corona layer area is larger and thicker. However, as the pressure increases, the corona layer near the needle electrode is compressed, and its area and thickness are reduced, so that the rate of increase of the breakdown voltage begins to slow down. As the gas pressure rises further, the corona layer area and thickness are further compressed by the higher pressure, and its effect is greater than the influence of the molecular mean free path. Therefore, the breakdown voltage begins to decrease. When the pressure rises to a certain level, the thickness and area of the electrode corona layer is reduced to a critical extent. As the pressure continues to increase, the corona layer is further compressed, its impact may be neglected, and the breakdown voltage gradually increases. Therefore, the influence of the corona layer around the needle electrode and the influence of the free path of the molecule lead to the shape of N-curve. In the extremely non-uniform electric field, polarity effect of FFO is stronger than the slightly non-uniform electric field. In Figure 9 (b), under the negative FFO of different wavefront time, the 50% breakdown voltage of C 4 F 7 N/CO 2 and SF 6 gas increased and gradually saturated with gas pressure. In practical design and operations, it is necessary to pay attention to the lowest point of the breakdown voltage in the N-curve. It is helpful to study the N-curve for barometric warning limit to avoid insulation mutation.
In the extremely non-uniform electric field, the curves of 50% breakdown voltage of C 4 F 7 N/CO 2 and SF 6 with wavefront time are shown in Figure 10 . When FFO wavefront time range is 0.22∼1.22 µs, the C 4 F 7 N/CO 2 positive and negative polarity 50% breakdown voltage gradually decrease with the increase of the wavefront time and then gradually stabilize. When wavefront time T f increases from 0.22 to 0.55 µs, the 50% breakdown voltage decreases. When T f is greater than 0.55 µs, the breakdown voltage is substantially constant. It can be inferred that when the T f is less than 0.55 µs, the corona layer of the needle electrode cannot be formed as the wavefront time is shortened. The formation of the discharge channel requires enough energy. Therefore, the energy required per unit time to form a conductive channel in a shorter wavefront time is greater, which leads to the higher breakdown voltages. The greater is the wavefront time, the smaller the energy per unit time, and the lower the breakdown voltage. When T f is greater than 0.55 µs, as the wavefront time increases, the corona layer can be gradually formed and enlarged, eventually forming a stable corona layer. The corona stabilization effect is gradually saturated, so that the breakdown voltage tends to become stable.
Metal particles or protrusions may appear in a GIE, and the electric field is extremely non-uniform. In this case, when the wavefront time is 0.55∼1.22 µs, the lowest value of the 50% breakdown voltage of the C 4 F 7 N/CO 2 mixed gas may occur. The lowest value of the 50% breakdown voltage of SF 6 gas corresponds to the impact voltage wavefront time of 0.7∼1.22 µs.
The polarity effects of SF 6 gas under LI voltages in extremely non-uniform electric field were studied in [12] , [13] , [16] . Because the C 4 F 7 N and SF 6 gases are both strong electron-negative gases, it is easy to adsorb electrons and form negative ions, which makes migration and diffusion difficult. The presence of negative ion clusters in the streamer head will caused a severe distortion of electric field. When the gas pressure was high, the migration of ions is more difficult, which exacerbates the electric field distortion. When the polarity was changed, the electric field was changed by the different process of space charge. The polarity effect was related to the fragmentation of C 4 F 7 N. The CF + 3 is the main fragmentation of C 4 F 7 N and the number of CF + 3 in the electric field increased, making greater effect on the electric field distortion, and leading to the difference between positive and negative breakdown voltage more significant [8] .
Under different electric field distributions, the U 50% -T f curve has different trends. We may use it to find the insulation defects in GIE. For example, using the steep wave impact test of 0.22 microsecond wavefront time, we can find that the voltage difference is greater than that of lightning when an extremely uneven defect occurs. The voltage difference is more prominent and helps to find weaker defects.
IV. CONCLUSION
(1) Under different biexponential FFO with the wavefront time of 0.22∼1.22 µs, the influence of the wavefront time, voltage polarity and pressure of FFO on the insulation performance of C 4 F 7 N/CO 2 mixed gas and SF 6 is similar. The variation law is also similar.
(2) The polarity of the voltage has little effect on the trend of the U 50% − T f curve and the U 50% -P curve in the slightly non-uniform field.
(3) In the slightly non-uniform electric field, the 50% breakdown voltage of the C 4 F 7 N/CO 2 and SF 6 increases linearly with the increase of pressure. The U 50% of C 4 F 7 N/CO 2 and SF 6 first decreases and then rises as the wavefront time increases, which forms a U 50% -T f U-curve.
(4) In the extremely non-uniform electric field, the positive U 50% -P curve of the C 4 F 7 N/CO 2 first increases then decreases and then increases again, which shows an N-curve. It may relate to the effect of pressure change on the corona layer near the needle electrode and the effect on the mean molecular free path [19] . As the wavefront time decreases, the N-curve of the U 50% − P curve of C 4 F 7 N/CO 2 is more significant. The negative polarity U 50% -P shows a trend of saturation in growth.
(5) In the extremely non-uniform electric field, the U 50% -T f curve is significantly different from the U-curve of slightly non-uniform electric field. The 50% breakdown voltage of C 4 F 7 N/CO 2 and SF 6 gas tends to decrease to a saturation as the wavefront time increases.
